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Abstract
The standard exposition of the internal resistance of a battery, that a battery comprises a
source of emf in series with an internal resistance, as given in engineering and physics
text-books, is lacking in proper explanation. It is treated merely as an experimental fact,
and not something that should follow from logic. The battery has a tendency to maintain
electric potential difference across its terminals equal to its chemical potential, and in an
open circuit, when no current flows, these two do match. However in a closed circuit, a
drop in electric potential across the battery terminals is inevitable for a steady flow of
electric current throughout the circuit, because the chemical reactions driving the electric
current within the battery can proceed only if the electric potential at its terminals differs
from the chemical potential. It is shown that for small voltage changes, the current passing
through the battery is linearly proportional to the change in potential from the open-circuit
value (i.e., its chemical potential), giving rise to a semblance of an internal resistance in
series with the external resistance. It follows that a battery has to have an internal
resistance in order to function as a power source. It is also shown that Thevenin’s theorem
does not make our results superfluous, in fact our results are presupposed in its derivation.
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1 Introduction
In almost all physics or engineering under-
graduate text-books [1, 2, 3, 4], the inter-
nal resistance of a battery is introduced more
or less as a factual statement that a battery
comprises a source of emf in series with an in-
ternal resistance Ri (Fig. (1a)), which is the
resistance of the electrolyte of the battery. In
general there is not much exposition as to the
genesis of the internal resistance of the bat-
tery and more specifically why it needs to be
put outside the battery in series with the ex-
ternal resistance. A student soon learns to
live with it and, at most taking it as an ex-
perimental fact, moves on. But a feeling re-
mains that something is lacking. After all the
internal resistance is due to the constituents
of the battery within it, therefore the word
“internal resistance” conjures up a vision like
that of a resistance internal to the battery
like in Fig. (1b), or equivalently where the
emf of the battery is across its internal resis-
tance. Then with a finite voltage at its ends
(positive and negative electrodes of the bat-
tery) one expects from Ohm’s law that there
should be a finite current flowing through the
resistor within the battery (even if the ex-
ternal circuit were open) as long as a finite
electric potential difference exists across the
resistor. Further, in an actual circuit when
the circuit is closed and an electric current
does flow through the internal resistance, it
is in a direction from a lower electric potential
(negative electrode) to a higher one (positive
electrode) within the battery (Fig. (1c)), con-
trary to that expected from Ohm’s law for
a normal resistor where the electric current
should flow from higher to a lower electric
potential which is not seen within the bat-
tery. Additionally, as the internal resistance
is supposedly that of the electrolyte residing
in-between the two electrodes of the battery,
how come the internal resistance is shown to
exist not between the two electrodes as in
Fig. (1b), but – somewhat mysteriously – is
instead put in series with the external resis-
tance outside the battery Fig. (1c)? More-
over, why should it be causing a drop in po-
tential from the open-circuit value when the
internal resistance itself is a part and parcel of
the battery system, giving rise to that poten-
tial? Here we should clarify that we are not
doubting the truth of the long-known exper-
imental facts (for example, we know experi-
mentally that Fig. (1a) and Fig. (1c) are fac-
tually correct while Fig. (1b) is not), we are
only attempting to logically examine these
facts from a simple physical perspective.
2 EMF, voltage and
current
A battery or cell is an electrochemical device
[5] that converts chemical energy to electric
energy by driving an electric current through
a circuit containing a load (an external resis-
tance). Historically, a single chemical source
of emf was called a cell and a set of intercon-
nected cells was called a battery, however, it
is now common practice to refer to even a sin-
gle cell as a battery, as is done here too. Bat-
teries could be of different kinds, for exam-
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Figure 1: The voltages and currents in a battery of emf E for (a) an open circuit with internal
resistance Ri in series outside the battery (b) Ri “inside” the battery and (c) a closed circuit
with Ri in series with the external resistance.
ple, disposable ones designed to be used only
once and the rechargeable ones, which can
be used more than once. A common exam-
ple of the former is the zinc-carbon battery,
often used in torch-lights. The rechargeable
batteries include lead-acid batteries used in
automobiles while others like nickel-cadmium
or lithium-ion are used in mobile phones and
laptop computers. A battery in general, con-
sists of two electrodes of different material
immersed in an electrolyte, which could be a
fluid or a moist paste. The electrolyte inter-
acts chemically with the electrodes and due
to their chemical reactions a push is exerted
on the positive charges towards one termi-
nal, called the positive electrode, and on the
negative charges towards the other terminal,
called the negative electrode. Irrespective of
the make of a battery (its type, size, vol-
ume, the nature of the electrodes and the
electrolyte and the details of their chemical
reactions etc.), a battery ultimately causes a
separation of positive and negative charges,
giving rise to an electric potential across the
battery. The chemical potential, which is the
line integral of the force per unit charge due
to chemical reactions (from the negative elec-
trode to the positive electrode), is called the
emf E of the battery (historically called elec-
tromotive force which actually is a misnomer
as E is not a force but is instead a poten-
tial difference between the two electrodes).
To a first approximation we can write the ef-
fective force due to chemical reactions on a
charge e as Fc = eE/d, where d is the dis-
tance between the two electrodes. It is this
Volume xx, Number y Article Number : n.(to be added by editor) www.physedu.in
Physics Education 4 dateline(to be added by Editor)
force Fc due to the chemical reactions that
pushes positive charges towards the positive
electrode and the negative charges towards
the negative electrode inside the battery or
cell, giving rise to an electric potential dif-
ference between the two electrodes. In gen-
eral the change in electric potential within the
battery may not be linear and is mostly lo-
calized at the electrode–electrolyte interfaces,
but from energetic point of view what finally
matters is the net potential difference V be-
tween the two electrodes. This in turn gives
rise to an electric field E = −V/d within
the battery which exerts on every charge e
an electric force eE in a direction opposite
to the force Fc due to the chemical reactions.
As a result the net force on a charge pushing
it towards its respective electrode within the
battery becomes,
F = Fc + eE = e
E − V
d
. (1)
As long as V is smaller than E , the force F >
0 and the charges will continue to move in-
side the battery toward their respective elec-
trodes, with more and more charges getting
deposited there. However with increasing V ,
F will decrease, reducing the current flow in-
side the battery, until the electrodes achieves
a voltage difference V = E . Then from Eq.
(1), F = 0 and the charge movement reduces
to zero inside the battery. Thus in an open
circuit the battery will acquire across its ter-
minals a voltage V equal to its emf E , i.e.
its chemical potential (Fig. (1a)), with no net
force on the charges and hence no electric cur-
rent within the battery in spite of the electric
potential V across its terminals.
Now let a load (an external resistor R)
be connected across the battery, closing the
circuit. Immediately an electric current will
start from the positive terminal towards the
negative one through the external resistance.
Actually the electric current in a circuit is
due to the flow of electrons in a direction op-
posite to that of the current conventionally
shown in a circuit (Fig. (1c)), but it does not
alter the physics of the problem. The exter-
nal current causes a deficiency of some nega-
tive charges at the negative electrode as well
as neutralizes some positive charges at the
positive electrode, the reduction of charges
causing a slight drop in voltage from the ini-
tial open-circuit value V = E . This means
that the electric field within the battery will
now be less than the open-circuit value (i.e.,
V < E or from Eq. (1), F = Fc + eE > 0)
and the electric force will not fully cancel
the force Fc on the charges within the bat-
tery due to the chemical reactions. This in
turn will cause the charges to move accord-
ing to Eq. (1) giving rise to a positive current
from the negative electrode to the positive
electrode inside the battery. Initially as the
current within the battery may be less than
that in the external circuit, the charges get-
ting replenished at the terminals will be less
in quantity than those getting depleted by the
external current flow, therefore the voltage V
will be falling still further. And as E − V in-
creases, this should give rise to not only a still
higher current within the battery, it will also
cause a drop, even if only slight, in the exter-
nal current as the voltage V across the exter-
nal resistor drops. A stage however, will be
reached very soon when the internal current
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Figure 2: The voltages and currents in a bat-
tery of emf E when recharging with another
battery of emf E1 > E .
within the battery becomes equal to that in
the external circuit. Now onwards there will
be no further change in the voltage at the
battery terminals and a state of equilibrium
has been reached. However it will remain a
constant struggle for the battery, through the
internal current, to keep replenishing charges
being depleted at its terminals by the exter-
nal current. Thus we see that a current will
be flowing from a lower electric potential to
the higher one within the battery because of
the larger push on the charges in that direc-
tion by the force Fc = eE/d due to the chem-
ical reactions than the opposing force by the
electric field eV/d from a higher to a lower
potential.
3 The internal resistance
In a closed circuit the electric current flow-
ing within the battery is due to the chem-
ical reactions, which will take place only if
the voltage across the battery V is different
from the chemical potential E . A steady state
means the internal current within the bat-
tery must be equal to the current I = V/R
through the external resistance R. The in-
ternal resistance could be defined by Ri =
1/ | dI/dV |V=E . It should be noted that
the current increases when V decreases. As-
suming a constant dI/dV in a certain range
of V around E and noting that I = 0 when
V = E , we get Ri = (E − V )/I. From this
we could write V = E − IRi, which justi-
fies representing the battery as a source of
emf E with its internal resistance Ri in se-
ries (Fig. (1c)). The current I = V/R is then
given by I = E/(R+Ri). One could even have
a reverse current through the battery when V
across the battery is made higher than E . For
that another source of emf, say E1 and with
an internal resistance Ri1, so that E1 > E of
the battery in question, is connected across
its terminals (Fig. (2)). This is done, for ex-
ample, to recharge the lead-acid battery or
other rechargeable batteries. The magnitude
of the reverse current through the battery will
now be given by I = (V − E)/Ri, as the
recharging voltage V = E1 − IRi1 is larger
than E , then I = (E1 − E)/(Ri +R). The re-
verse current means that the positive charges
move towards the negative electrode while
the negative charges move towards the posi-
tive electrode, thereby reversing the chemical
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reaction and recharging the battery. In the
case of non-rechargeable battery no reverse
current takes place and we could say it has a
discontinuity in its internal resistance at V =
E+0. (One is in general, cautioned against at-
tempts to recharge non-rechargeable batter-
ies as these could explode).
Now eE is the amount of chemical energy
expended as work on a charge e in transport-
ing it from one electrode to the other. Out
of this, an amount eV is spent against the
electric field, which ultimately gets delivered
to the external load, the remaining energy
e(E − V ) represents the ohmic losses within
the battery. Thus (E − V )I = I2Ri are the
power losses in the battery as expected from
a resistance Ri lying outside the battery in
series.
The actual value of the internal resistance
of a cell may depend upon a combination of
various factors. If the effective cross-section
areas of the electrodes are large, more cur-
rent may flow through the battery even for
the same E − V change, implying a lower Ri
value. Similarly a larger separation between
the electrodes would imply a smaller push on
the charges even for the same E − V change
(Eq. 1), resulting in a smaller current, im-
plying a higher Ri value. The nature of the
constituents (electrodes and the electrolyte)
of a battery also matter as a better conduct-
ing electrolyte means a higher current for the
same E−V and thereby a smaller Ri. Further
as with usage the density of chemical com-
ponents within the battery may decrease, it
would lead to an increase in the internal re-
sistance.
4 Thevenin’s theorem
Thevenin’s theorem [6] states that any two-
terminal network containing energy sources
(generators) and impedances can be replaced
with an equivalent circuit consisting of a volt-
age source in series with an impedance. Thus
at a first look it may appear to preempt
all our above discussion, which may in fact
appear redundant. But a careful look at
the proof of the Thevenin’s theorem shows
that our above results are rather presupposed
there. In the proof offered [6] one may have
batteries/generators and impedances in series
or in parallels or in other complicated dis-
tributions but to begin with one always has
the internal impedances, if any, of the bat-
teries/generators always in series with them.
Therefore Thevenin’s theorem does not make
our results superflous, in fact our results are
made use of in its derivation.
5 Conclusions
We have shown that due to the tendency of
the battery to attain a voltage across its ter-
minals equal to the chemical potential E , a
finite drop in voltage from the open circuit
value E is essential for a steady current in
the circuit because then and only then will
there be chemical reactions taking place so
that a current flows within the battery. Thus
a drop in the voltage is essential for a steady
state current implying the existence of a fi-
nite internal resistance in any practical bat-
tery, which can be justifiably represented as
a source of emf E with a resistance Ri in
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series. Therefore a battery has to have an
internal resistance in order to function as a
power source. Further we have shown that
Thevenin’s theorem does not make our re-
sults superfluous, in fact our results are made
use of in its derivation.
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